SnO 2 nanostructures with cactus-like morphology were synthesized by thermal evaporation of Sn powder. Any catalyst and substrate were not used for the formation of SnO 2 nanostructures. X-ray diffraction result showed that the SnO 2 nanostructures had rutile crystallographic structure. Scanning electron microscopy study revealed that the cactus-like SnO 2 nanostructure consisted of main microrod stem and many branched nanowires. The secondary growth of SnO 2 nanowire branches occurred on the primary main SnO 2 microrods. Vaporsolid growth mechanism was proposed for the growth of the SnO 2 nanostructures because no catalytic particles were found at the tips of the nanowires. A strong visible emission peak at 530 nm was observed in the cathodoluminescence spectrum taken from the cactus-like SnO 2 nanostructures at room temperature.
Introduction
SnO 2 is an important n-type semiconductor with a wide band gap of 3.6 eV at room temperature. It has wide applications in many fields including gas sensors, transparent conductor, lithium battery electrodes and solar cells. As a transparent conducting oxide, SnO 2 has been widely used in optoelectronic devices such as flat panel displays and thin film solar cells. SnO 2 has also been actively used in gas sensors to detect CO, H 2 and other toxic and combustible gases. 13) Recently, SnO 2 nanostructures have attracted attention as a potential material for high sensitivity sensors in light of its high surface-to-volume ratio. In fact, some studies have shown that SnO 2 nanostructures enhance gas sensing properties. 4, 5) As a result, much attention has been paid to the synthesis of SnO 2 nanostructures. So far, various morphologies of SnO 2 nanostructures, including nanowires, 6) nanobelts 7) and nanorods, 8) have been synthesized by many various methods such as chemical vapor deposition, 9 ) the hydrothermal method 10) and thermal evaporation. 11) Among them, the thermal evaporation method is very simple and low cost. Using thermal evaporation technique, SnO 2 nanostructures have been synthesized via the vapor liquidsolid (VLS) growth mechanism using substrates and metal catalysts such as Au to provide nucleation sites for the growth of the nanostructures. 11, 12) It's also known that, compared to nanowires, complex nanostructures will offer better gas sensing properties due to their higher surface area. Nevertheless, the synthesis of complex nanostructures is still a significant challenge.
In this paper, we report the synthesis of SnO 2 nanostructures with cactus-like morphology, a novel morphology, by thermal evaporation technique without the use of any substrate or catalyst.
Experimental Procedure
Sn powder with a purity of 99.99 mass% was used as the source material for synthesizing SnO 2 nanostructures. 0.5 g of Sn powder was put in an alumina crucible and inserted into a horizontal quartz tube furnace. The alumina crucible was placed in the center of the furnace. No catalysts and substrates were used. The furnace system was evacuated by a rotary pump connected to one end of the tube to a base pressure of 13.3 Pa. Then O 2 gas was introduced into the quartz tube at the other end connected to the gas supply system until reaching a pressure of 1.33 © 10 4 Pa. The pressure was kept constant during the process. Subsequently, the furnace was heated to 1000°C with a heating rate of 10°C/min and held at the temperature for 1 h for the oxidation of the source material. After the oxidation process, the furnace was turned off and cooled down to room temperature.
The morphology of the as-synthesized product was investigated by field emission scanning electron microscope (FESEM) equipped with energy dispersive X-ray (EDX) spectroscope. The components were characterized by the EDX. The crystal structure was examined by X-ray diffractometry (XRD) with Cu K ¡ radiation. Cathodoluminescece (CL) spectrum was measured at room temperature by CL spectroscopy.
Results and Discussion
X-ray diffraction measurement was carried out to study the crystallographic structure of the as-synthesized product. EDX measurement was performed to investigate the components of the product. Figure 1(b) shows the EDX spectrum of the product. The EDX spectrum reveals the product is composed of the elements Sn and O. No other elements except Sn and O were found, indicating the high purity of the SnO 2 .
The morphology of the product was characterized by SEM. Figures 2(a) and 2(b) show the low and high magnification SEM images of the SnO 2 product, respectively. As shown in Fig. 2 , many nanowires were grown on the surface of the main microrods, which look like cactus as a result. The average diameter and length of the main microrods are 3 and 15 µm, respectively. The nanowire branches on the main microrods are 50100 nm in diameter and 310 µm in length, respectively. Also, many nanoparticles can be observed on the main microrods, which indicates that the surface of the microrods are not smooth. The rough surface has many ledge, ledge-kink and kink sites, which are energetically favorable sites for the heterogeneous nucleation of epitaxial growth. Thus, it seems that the branched nanowires may be readily grown on the rough surface of the main microrods.
Combining the above experimental results, a possible mechanism for the growth of the cactus-like SnO 2 nanostructures can be proposed as follows. First, Sn powder is evaporated in Sn vapor. The concentration of Sn vapor increases as a function of time. When the concentration exceeds the equilibrium concentration, SnO 2 nuclei are formed in the oxygen atmosphere. The SnO 2 nuclei grow along the preferential direction with fast growth rate, which leads to the formation of the main microrods. Next, when the microrods become large enough to promote the secondary nucleation on their surface, SnO 2 nuclei are again formed on the side walls of the microrods. This leads to the growth of branched nanowires on the main rods.
A vaporsolid (VS) growth mechanism is suggested for the formation of the SnO 2 branched nanowires because no catalyst or impurity was used in this process, and no catalytic particles were observed at the tips of the nanowires. In the VLS growth mechanism, a catalyst droplet is formed during the growth. The growth species dissolves into the catalyst droplet, and then the catalyst droplet becomes supersaturated with the growth species. The supersaturation of the growth species leads to the nucleation and subsequent crystal growth. The continued growth induces the growth of nanowires. Thus, the existence of a catalytic particle on the tip of the nanowire is evidence of the VLS growth mechanism. However no catalytic particle was found at the tip of the nanowires produced in the present experiment. Consequently, it is proposed that the VS mechanism rather than the VLS mechanism was responsible for the growth of the SnO 2 branched nanowires.
Cathodoluminescence was measured at room temperature to study the optical property of the SnO 2 nanostructures with cactus-like morphology. Figure 3 shows the CL spectrum of the cactus-like SnO 2 nanostructures. A strong visible emission peak centered at 530 nm is shown in the spectrum. It is well known that the visible emission in metal oxides is ascribed to oxygen vacancies that are essential defects. This strong visible emission peak has been observed in luminescent spectra in previous studies on the SnO G.-H. Leesurface and sub-surface oxygen vacancies because of their high surface-to-volume ratio. Thus, it is suggested that the strong visible emission in the present product must be the characteristic of SnO 2 nanostructures.
Conclusions
Cactus-like SnO 2 nanostructures were fabricated through thermal evaporation of Sn powder in a crucible under an oxygen pressure of 1.33 © 10 4 Pa at 1000°C. Each cactuslike SnO 2 nanostructure was composed of a microrod stem and lots of nanowire branches. The diameter and length of the main stems were 3 and 15 µm, respectively. The nanowire branches had a diameter of 50100 nm and a length of 3 10 µm. No catalytic particles were observed at the tips of the nanowires, which suggested that the cactus-like SnO 2 nanostructures were grown via vaporsolid growth mechanism.
The room temperature CL spectrum showed a strong visible emission band centered at 530 nm which was attributed to oxygen vacancies in the nanostructures.
